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ADBSTRACT

The high level of spatial uniformity inmodern CCDs and other array detectors makes them excellent devices
for astrometric and navigational systemns. However, at the level of accuracy envisioned by the more ambitious
projects, current technology produces devices with significant pixel registration errors. This paper describes a
technique for measuring relative pixel positions to an accuracy approaching 0.001 pixel. The technique has been
applied to WF/PCITCCDs which are shown to have 500 nm stcl]-arid-rcl)cat errors.

1. Introduction

Array detectors, in particular CCDs, arc proving to be excellent astrometric devices. They can be found
in ground bascd systeins,! and have been used for high-precision astromnetry in space as well.2 A numnber of
groups are building CCl )-based astrometric cameras,®1 while others have begun to measure their dimensional
and photometric stability.>¢

The Astrometric hinaging Telescope (A1T) is a proposed CCl)-based orbiting telescope designed to achieve
an accuracy of 10 micro-arcseconds.”® The point design calls for two side-by-side 4096 x 4096 CCDs with 7.5
micron pixels in the focal plane of the /15, 1.5 mdiameter Ritchey-Chr étien optics, In the focal plane, 10 micro-
arcseconds (yas) corresponds to 1.1 mm, or 1/6800 pixel. "Vo achieve this accuracy, the CCD is pulled across
theimage plane, creating star trails that effectively average over random pixel-to-pixel differences in quantum
efliciency and gquantum cfliciency gradients. While the averaging also reduces sensitivity to pixel position errors,
the system is still vulnerable at the 0.01 pixeljeve]. To our knowledge, no one has characterized the spati al
uniformity of aCCD or other array detector withthis accuracy.

The purpose of this paper is to describe a technique for measuring relat ive pixel registration at the accuracies
required for AI'T. The technique is siinple and inexpensive and can be used on any array detector, It is also
practical for on-orbit calibration. We have performed an initial experiment to validate the theory, and show that
500 nmin step-and-repeat errors exist onsmall WEF/PCITCCD chips.

In section 2, we quantify the requiremn ents on CCH uniformity as they relate to AIT. These include quantum
cfliciency, quantum efficiency gradients, charge transfer efliciency, and pixel registration. The first three require-
ments are surprisingly shimple to achieve and can be measured using standard techniques. Insection 3, we explain
how pixel positions are measured with the required accuracy, Experimental results are givenin scetion 4.

2. CCD Requirements

2.1.  Pixel and sub-pixel requirements

As noted above, the Al'l' CCD is pulled across theimage plane, forining asct of parallel star trails. Star
positions are measured perpendicular to the direction of the trails. Fach trail is about 4096 coluinns long, but
the image width is 3 pixels, so there is an effective reduction factor of \//1656/5 == 37 inany random, uncorrelated
pixel-to-pixel diflerences.

The requirements on knowledge of quantum efliciency (QE) and QE gradients were presented in an earlier
paper.’” Given the optical systemn described above, high-precision shinulations of tile diffraction-limited perfor-
mance allowed us to deteriine that the QF of any pixel had to be known to 4% to achieve 10 pas precision on
any star trail. Calibration of QFE at the 4% level is trivial, cveninspace. Further,the relative QF calibration
rail.gc requirement only extends over theimage scale, or about 5 pixels, since each column of the star trail is an




independent measurement.

QE gradients, when multiplied by image gradients, give an intensity terin whose sign depends onthe relative
slopes of the two. This biases the centroid toward or away froin its true position. Our simulations show that QB
gradients across a single pixel iust be known to 21%. Calibration of QE gradients is not likely in space, but
ground-based measurements should remain valid since the gradients are mainly due to the relative transparency
of frollt-surface electrodes (in a front surface device).Inback-illuininated devices, pixel gradients should be well
blow the 21 % requirement.

Both the QB and QE gradient requiremnents assuine that the processes arc randomn and that there arc no
pixel-to- pixel correlations. For correlated effects, the knowledge requireinents are reduced by +/1;, where 1, is the
corrclation length in pixels.

Charge transfer efficiency (Ch'T'E) was also addressed in the previous work ."Ch'T'E causes a vertical trail to
be left behind as the horizontal star trail is shifted out of the CCI). The tails grow in proportion to distance
fromthe horizontal shift register (HSR). This aflects star centroids by linearly shifting them away from the HSR.
Astrometric inodels sce this as a linear vertical magnification change, an eflect that does not introduce any error
inthe determination of the position of one star withrespect to a field of background stars. Ch'I'Es of 0.99996
cause the field to appear one milli-arcsecond larger in the vertical dimension; even linear astrometric plate scale
models reduce the impact ontarget star position to well below 10 pias.

2.2. Pixel position require.niclits

For a given randoin, uncorrelated r.an.s. pixel displacement oy, the r.an.s. pixel displacement of a star trail is
0, /37.Yor ATT, star trail errors shiould be less than 10 jias. The posit ion of every pixel should then be known to
an accuracy of’ 370 pas, or 0.005 pixels.Larger scale errors see less columnn averaging but are partially removed
by the astrometric plate scale model. This is addressed indectail in the following paragraphs.

When the pixel displacements arc random, but have a characteristic correlationlength, the position knowledge
requirements depend on the order of the astrometric plate scale model (lincar, quadratic, or higher), the size and
shape of the star field, and the power spectral density of the displaccinents. Any lincar (and possibly quadratic)
termms across the star trails arc comnpletely removed by the model. The star trails reduce sensitivity to spatial
variations by averaging over several cycles inthe horizontal dimension, while acting as a spatial filter in the
vertical dimension. Inthis section, we discuss the astrometric sensitivity to pixel displaceinents as a function of
spatial frequency for two typical star fields.

A computer model was constructed that sitnulated the motion of a star field as a deforined CCI was pulled
across the image plane. The star fields are shown in figure 1. Infield 1, the brightest stars arc about 130
arcseconds from the target star, while field 2 is more compact. Both fields have reasonable uniformity in both x
and y. The model used the Controlled Oplics Modelling Package (COMP)® to form diffraction-limited images in
the focal plane. The images were integrated in one ditnension to forin the line spread functions.

CCD decformations were modeled as random, uncorrelated Fourier compouents. The anplitudes and phases
were used to analytically modify the star trail by displacing the line spread function in each colummn by the
sutmined amplitudes (with proper phase) of all spatial frequencies cont ributing to the deformation a each pixel.
The amplitudes were weighted so that in a given spatial frequency band, the runs. pixel displacement Was
equal tother.m. s displacement that one would expect for a 0.1 K randoin temperature fluctuation having the
same spatial frequency. our results arc normalized so that they all correspond to the same r. m.s. temperature
gradients. Large scale amplitudes arel/f times larger thansmall scale ones.

The average positions of the modified star trails were computed. These were then compared to the average
positions of the unmodifedtrails by fitting a linear afline maodel (3 teris per axis, 6 tenins total) to the reference
stars in each field. The astrometric error is the true (ummnodified) target star position comn pared to the target star
position predicted by the afline transformation.

Spatial frequencies were analyzed one band at atiine. The astrometric error causal by a given power spectrum
can be determined by integrating the power spectrum multiplied by the spectral sensitivities determined from
the simulations.

Result.s arc giveninfigure 2 and table I. There arc Several interesting features inthe figure. Virst, the low
spatial frequen cy response for the more compact field 2 shows a peak at 49 m™ 1 (20.5 mm). This is about twice
the distance from the target star to the surrounding reference stars. For larger periods, the stars have more
common-mode motion. For sinaller periods (asswning constaut temperal yre variance a any spatial frequency, as
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Figure 1. Star fields used for pixeldisplacemnent sensitivity study.

does the plot), the deformation amplitude decreases. One expects a minimum at about 91 ™! (1 1 min) where
there is one full therinal cycle across the field, The plot shows a minimuimn at about 100 1n~*; the agrecinent is
reasonable considering the uneven spacing of the stars. Siinilar arguments hold for field 1 when one accounts for
the fainter stars close to the target star.

At mid-spatial frequencies, both fields show anincreascd sensitivity to deformations. For field ‘2, the peak at
140 i }(7.11m), is about 1.5 cycles across the 1l wide field, indicating that this peak is similar to tile one
at 49 m~! (whit]) has 0.5 cycles across the field). Field 1 once againacts as if it is slightly narrower thanone
would expect from the distribution of brighter stars in the field.

Figure 2 shows that for low spatialfrequencics, thermal fluctuations should be kept below 0.02.5 K if the target
star error requirement is 10 inicro-arcseconds. Larger gradients are allowed at higher spatial frequencies.

In table 1, the results of figure 2 have been reforinulated to show the required accuracy on pixel position
knowledge as a function of spatial frequency. Thefirst two columns of the table are the spatial frequency and
corresponding spatial period used. The third cohummn is the r.in.s, displacement that gives 10 pas astrometric
errors using the larger error of either field 1 or 2. Column 4 gives the r.in.s. calibration accuracy that must
be achieved per pixel to characterize the CC]) at therequired accuracy over one cycle of the spatial frequency.
This implicitly assuines that the errors in each pixel are uncorrelated. ('This is the case when the calibration is
litnited by photon statistics, for example). It was computed from the square root of the numb cr of pixels/period
multiplied by the accuracy per cycle.

The worst case calibration requirement in columnn 4 is 0.005 pixels. Thus, to adequately characterize the AIT
CCD, the position of cach pixel must e measured to 0.005 pixels. The performance at all spatial frequencies will
then be better than 10 jras when the CCD is calibrated at this level.

3. Summary of Technique

3.1. Experimental Setup

The pixel-mapping technique is based on tinaging of a simnple sinusoidal interference pattern. Two single-mode
fiber optics and a laser arc used to forin the pattern. No otheroptics are required. The observed interference
fringes are compared to a comnputer-generated ideal fringe pattern that accounts for the quantum-efficiency of
each pixel. Photometric differences between the observed and ideal fringes are converted to shifts in the relative
pixel positions.1®

Figure 3 isa diagram of the experimental sctup. Light fromn a He-Ne laser is injected into a single mode fiber
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f ()

16.28
32.55
48.83
65.10
81.38
97.66
113.93
122.00
130.21
146.48
162.76
325.52

Period (pix) | r.an.s. for Single pixel
10 pas (mn) | knowledge reqmut. (pix)
8192 3.8 0.049
4096 1.9 0.016
2730 13 0.009
2048 2.2 0.013
1637 35 0.018
1365 2.6 0.013
1171 1.0 0.005
1093 1.5 0.007
1024 19 0.008
911 1.5 0.006
819 3.0 0.015
409 8.0 0.022
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Figure 3: Experimental Sctup.

and split into two fibers by a dircctional coupler. The two fibers are held a few mun apart in a polished block of
aluminum. (The reason for polishing is explained below. ) The fibers are held about 1 meterin front of the CCD
so that interference fringes arc formed with a spacing of about 20 pixels on the chip. Exposures are made using
both fibers simultancously, and cach fiber in turn.

A lecast-squares program determines the global fringe spacing, orient ation, phase, ainplitude , and inodulation.
The residuals of the optimized fit are due to either 1) poor QF calibration, 2) sub-pixel gradients, 3) CCI? non-
linecaritics or electrical characteristics, or 4) pixel dislocation s from a regular grid. Pixel dislocations are obtained
as long as the QI, pixel gradient calibrations and CCI lincarity have suflicient accuracy (discussed below).
Figure 4 shows how pixel shifts arc obtained from the least-squares residuals. A photometric difference between
the optimu m least-squares fit and the data is converted into a pixel shift according to the local intensity gradient.
Pixel positions are measured ouly in the neighborhood of maximum fringe slope. (The software currently usecs
47/4 of the midpoint). A map of the entire CCD is obtained by stitching together maps made from fringes
having different phases.

Since the experiment measures the relative distances between pixels, it is not necessary to control the absolute
distance between the fibers (which defines absolute pixel size), their relative optical phase (which defines the
position of the CCD as a whole), or the fringe visibility (which controls sensitivity to pixel shifts). Th ¢ fringes are
allowed to jitter during an exposure as long as the fringe pattern in not washed out. The experimental sctup is
not driven by any thermal or ditnensional constraints. It, is also worth emphasizing that the “flat field” calibration
for this experiment is trivial. It is only necessary to measure the fibers individually (casily done by blocking one
fiber at a time); it is NOT necessary to illuminate the CCD with a uniforin intensity beamn. Accurate flat ficlds
arc obtained as long as the fiber beams (with FWHM = 20 cin at the chip) do not wander. Shutter exposure
time flue.tuatioll requirements are eased by using exposure times of a few seconds duration.

One shortcoming of using free-sl~ace propagation to form fringes between two point sources is that the in-
terference fringes intersect the CCD along hyperbolic arcs. The hyperbola should be centered outhe CCD to
maintain uniform fringe spacing across the chip. Additionally, the chip should be perpendicular to the axis of the
tw o point sources. To achieve this orientation, a laser beam is reflected between the polished block halding the
fibers and the CCD. The reflected beains can easily be aligned to 0.001 radians. With this alignment precision,
the fringe spacing changes by 0.0004 pixels at the edge of the CCD, while CCD tilt leads to a maximuim fringe
spacing difference (between the top and bottom of the chip) of 0.0003 pixel. This is well below our requirernent
of 0.005 pixel.
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Figure 4: Converting a photometric error into a pixel registration error.

3,2.  Sensitivity

The technique works by converting the photometric difference between the recorded arid ideal sine wave into
a pixcl registration error. As shownin figure 4, a photometric difference of e where the pixel intensity gradient
is M yiclds aregistration error of dz=e/M.When N photoclectrons arc recorded ina pixel, the r.in.s. noise
level is VN Thus, the noise-cquivalent pixel shift is da=VN/M.

Increasing M increases the sensitivity of the experiment. M can be increased by reducing the fringe spacing
and by adding together multiple exposures. If the spacing is too stnall,the Iczwt-squares program (which assuines
point-like pixels) introduces it's own photometric errors duc to the curvature of the sine wave. A period of 10
pixels is about the minitmun desired. ('This can be iinproved by writing a least-squares programn that integrates
the sine wave across each pixel, but this would greatly reduce execution speed.)

I'or atypical fringe having .50,000 counts peak-to-peak and a period of 10 pixels, the maximuin gradient is
M= 15700. At wid-fringe, the amplitude is 25,000 connts andthe snot noise is vV/N=158 counts. Ina single frame,
the resulting pixel sensitivity is dx = 0.01 pixels. The sensitivity increases as the square-root of the number of
frames averaged together. Reducing the photon-linited performance of the technique to 0.001 pixels requires on
the order of 100 frames of co-added data.

33. ¢ ySematic errors
3.3.1. Photometric

The above disc ussion assuines that QF calibration errors do not contribute to the noise. This can be achieved
by making mauny single-fiber exposures, so that the number of photons recorded inthe “flat-field” estimation far
exceeds the numnber of photons in the fringes.

One still poorly understood mechanisinpresent in CCDs is diffusion of the charge among pixels. In WF/1PC 11
chips, hnage sharpuess was soinewhat less thau expee ted. A Kodak chip with 6.8 gam square pixels was measured
and found to have a pixel response function that is significantly larger than a pixel. 11Diffusion affects the pixel
position measurements by biasing the QIS calibration toward the mean QFE of the chip. A relative QF error of §
leads to apixel error of 1’6/2x, where I’ is the period of the fringes. With P> typically set at 10 pixels, a 0.19'0
QY error manifests itself as a 0.0016 pixel position error.

Because the fringe analysis takes place in the lincar portion of fringe gradients, diffusion has the same smooth-
ing effect onthe fringes that it has on the QF calibration. It reduces fringe contrast, thereby reducing sensitivity,
but it dots not bias the measurements. If diffusion is not uniform or if it is intensity dependent, then biases




can exist. For non-uniformities to be significant, they must change the measured QE relative to the effective QE
during exposure to the fringes, by about 0.1%.

Like diffusion, CCD nonlinearity leads to an effective QIS error. Saturation should be avoided, Non-1 inearity
ap pears as pixel errors that have the same period and orientation as the interference fringes. Thus, it is easily
filtered and should not limii the sensitivity of this technique.

T'he sensitivity discussion also ignored A/l) resolution. An 8 bit encoder allows a sirlglc-frame resolution of
1/80 pixel, while a 1'2 bit encoder is 16 times more sensitive. Both of these figures can beimproved by frame
and signal averaging. Typically, the full well is smallenoughthatthe shot noise is a significant, fraction of each
digitizer level. For example, when the full well is 100,000 electrous deep, the fringe midpoint is at 50,000 counts,
implying an r.mn. s shot noise of 224 counts. An 8 bit encoder that spaus the full well has 390 counts/level.
Aualysis shows that the mean value of the digitized signal will deviate by 44 x  10° compared to the true mean
as the count level moves from one digitizer level to the next. The 8 bit encoder does not linit pixel calibration
at thel 0.001 level.

3.3.2.  Geometric

QF. gradients across individual pixels interact with theinterference fringes just as they interact with images.
When the gradieut is in the same direction as the fringe gradient, therecorded signal is larger than one would
expect based on the flat QFE calibration. When the fringe gradient reverses sign, the photometric error does too.
Thus, the QF gradients bias the pixel locationin the same direction no matter what the fringe phase is at the
pixel. The effect is indistingunishable fromn pixel displacemnents. The same is true for stellar images and star trails.
In efect, the fringes are measuring the net “astromnetric position” of the pixel, which is the quantity that one
actually lids for astrometric calibration. 'l'o determine the true relative positions of the pixels, the QF gradients
should be either 1) mecasured with suflicient accuracy, or 2) thesamne on al pixels. Since QF gradients are mainly
ductothe regular pattern of electrodes across the pixels, it is likely that they are the saine from pixel to pixel.
At least oncauthor has confinmed that pixel gradients repcatto10% from pixel-to-pixel.!?

While collecting data that are intended to be co-added, the CCD should not rotate with respect to the fibers.
Rotation causes the fringes far from the center of rotation to blur. Fringe amplitude becomnes a function of
position, eventually causing systematic positional errors. The allowable rotation can be derived by writing the
equation for fringe amplitude as a function of the relative rotation of two fringe patterns. Without going into
dectail here, we find that the rotational st ability requirenent for 0.001 pixel calibration errors is 2 arcseconds.
This is casily achieved by mounting the cainera on the same optical bench as the fiber head.

4. Fxperimental Results

The chip being tested had the same design as standard {15 inicron pixels) WE/PC 11 chips, but the pixels
were 7.5 x 7.5 microns, Bothsmall and standard WF/PC 11 chipsareknown to have a stc~)-ar}d-repeat error at
500 wnicronincremnents (68 rows cm the small chips). These are presumably duc to either positional errors or edge
effects on the 500 micron reticles used to fabricate the chips. on sinall WF/PC Hchi ps, the 68th row appears to
be approximately 6% more sensitive thanthe average, while on standard W ¥/PC 11 chips every 34th row has a
sensitivity drop of about 3%.

While it has been assumed that a reticle step-and-repeat error has resulted in rows that arc either too wide or
too narrow, no one has show it whether or not the effect is cumulative across the chip. The results presented here
clearly show that the effect is cumulative: that is, relative to a uniforin grid of pixels, the rows of small WF/PC
11 chips walk off by about -500 nm every 500 microns. The 800 x 800 sinall chip is about 600 nmsmaller along a
column than along a row.

The raw data in this experiment consisted of 8 framnes each of: fringes at = 45", fringes a =& -45°, beamn 1,
andbceam 2. The data were recorded using an8-bit A/D but the gain was set so that full well occurred at 194
counts. I'ringe contrast was 60%. The chip was cooled to about O °Candkept dry using a steady streamnof dry
Ny. The chip was not 11 used in a dewar, and there was no window. Exposure times were 2-3 scconds. Fringe
spacing, was about 20 pixels. Half of the chip was masked aud the chip was used in a framne-transfer mode. Pixel
readout, speedwas 300 kpix/sec. A 300 x 300 window extending from pixel (280,80) to (579,379) was analyzed.

Mecasurements of the smal WF/PC 11 chip snow that the st,cl)-arid-repeat error is curnulative. Figure 5 shows
the average deviation of each row after subtraction of the mean pixel spacing. The pattern is explained in figure
6. The steps are about 0.07 pixels, or 525 nm large.
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The reduced data has a formal r.in.s. positional error per pixel of 0.14 pixel, When averaged across 300
colutnns, the error/row is 0.008 pixel. (This is the noise sceninfigure 5). The highlevel of noise in the data set
is maiuly the result of 1) having only about 100 bits resolution across the fringes, 2) having a fringe amplitude
of only 10,000 clectrons, and 3) QX calibration errors of about 2'%. These together account forabout 0.1 pixel

noisc. There remains a /2 difference between observed and theoretical noise that is not yet understood.
The step-and-repeat errors across the CCD occur at the locations of apparent czcess QE (figure 7). But the

signalin figure 5 indicates that the step-and-repeat error is negat ive insign: groups of 68 rows are displaced by
about 0.07 pixelstoward the first row. One expects the pixels at step-and-repicat boundaries to have = 7% QE
drops. Note that standard W¥/PC 11 chips, which were made on the same wafers as the small chips and have
pixels 2 x larger, do exhibit QK drops of about 3-3.5 % every 34 pixels. This isin accord with the measurement
of a negative step-and-repeat error. The QE excess of the sinall chips remains unexplained.

Another indicator that the step-and-rep eat process is negative in sign is shown in figure 8. This is a closc-up
plot of the step occurring at pixel 226 in figure 5. The plot shows that the center of light of pixel 226 is shifted
significantly less thanthose above it. This is consistent with the top edge moving by a distance dy so that its
center of light moves by dy/2. Other boundary pixels are similar.

Yet another interesting feature of the step-and-repeat errors is that they have roughly the same magnitude
across the 300 pixels that were measured. This is in contrast to the QI excesses, which varied between 2% and
8% (ﬁg,urc 7).

5. Conclusion

Farly experimental results show that a flight-qualified CCH was manufactured wit h gross step-and-repeat
errors. We fully expect that with further experimentation we can calibrate the entire CCI a the levels required

for a high-precision astrometric mission.
We are currently buildings CCD camera that houses WF/PC 11 chips (large or sinall). The camera will be
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used for timproving CCD calibration techniques, including global pixel position, sub-pixel QF gradients, and the
stil l-inysterious WF/P C1l diffusion /scattering problein. With this camnera, wc should achieve better than 0.005
pixel resolution per pixel. We also plan to characterize fliglit-like devices by studying large forinat, small-pixel
chips. This chips are 4096 x 4096 and have 9 micron pixcls. They have full wells of 100,000 c.- and can be used
in MI'T" or partial-inversi onimode.

We are also studying the in situ application of this technique for ground-based and orbiting telescopes. The
two fibers would be placed in the middle of the telescope’s secondary mirror (which is otherwise unused due to
the central obscuration) and pointed at the CCD. A switching directional coupler would send the light of a low
power laser to either fiber or split it among both.Fringes would be forined on the observing CCD just as in the
laboratory expcriment,

We acknowledge the assistance of S.Solland C. Davisin collecting the raw CCD frames. The camnera used is
a prototype device built by S.Soll for a candidate Pluto missioninstrument.,

The rescarch described in this paper was carried out at the Jet Propulsion Laboratory, California Institute
of Teclinology.The research was partially supportedby NASA through grant number AR-3574.01-91 A from the
Spacce Telescope Science Institute, which is operated by AURA Inc., under contract to NASA.
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